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We report the first direct search for the Kaluza-Klein (KK) modes of Randall-Sundrum gravitons 
using dielectron, dimuon, and diphoton events observed with the D 0  detector operating at the 
Fermilab Tevatron pp Collider at *Js =  1.96 TeV. No evidence for resonant production of gravitons 
has been found in the data corresponding to an integrated luminosity of ~  260 pb_1. Lower limits on 
the mass of the first KK mode at the 95% C.L. have been set between 250 and 785 GeV, depending 
on its coupling to SM particles.
PACS num bers: 13.85.Rm, 04.50.+h, 12.60.-i
Phenomenological models inspired by string  theory  in 
which there exist additional spatial dimensions have re­
cently been proposed to  rem edy some of the defects in the 
stan d ard  model (SM). These models m ay solve the hier­
archy problem , allow for low-energy gauge coupling unifi­
cation, and address the issues of flavor and CP-violation.
The R andall-Sundrum  (RS) model [1] of ex tra  dim en­
sions (ED) offers a rigorous solution to  a pressing prob­
lem of the  SM — an apparen t large hierarchy between 
the Planck scale a t which gravity  is expected to  become
4strong (M Pl ~  1016 TeV) and the electroweak symme­
try  breaking scale (M EW ~  1 TeV). This is achieved 
through  the geom etry of a slice of the  5-dimensional Anti­
deS itter space-tim e (AdS5), w ith a curved m etric ds2 =  
exp (—2 k R |f  |)nMVdxMd xv — R 2d f 2, where 0 <  | f  | <  n  is 
the  coordinate along the single ED of radius R, k is the  
curvature of the  A dS5 space (the w arp factor), x M are 
the convential (3+1)-space-tim e coordinates, and  is 
the  m etric tensor of the  Minkowski space-tim e. A “hid­
den” (3+1)-dim ensional brane (Planck brane) is placed 
a t f  =  0 and the second brane (SM brane) is located at 
f  =  n. G ravity  originates on the Planck brane and the 
graviton wave function is exponentially suppressed away 
from the brane along the ED due to  the  w arp factor. 
Consequently, the  O (M Pl) operators on the Planck brane 
yield low-energy effects on the SM brane w ith a typical 
scale of A,,- =  M pi exp (—k-rrR), where M pi =  M pi/\/87r 
is the  reduced Planck mass. Thus, the hierarchy prob­
lem is solved if An ~  1 TeV, which can be achieved w ith 
little  fine tun ing  by requiring kR  «  10. This is a n a tu ra l 
solution, as the only fundam ental scale in th is model is 
M pi and k  ~  R ~  M pi.
In the sim plest RS model [1, 2], the  only particles prop­
agating in the ED are gravitons. Consequently, they  ap­
pear as a K aluza-K lein (KK) tower of massive excitations 
from the point of view of the  SM brane and can be reso­
n an tly  produced in pp  collisions. The masses and w idths 
of the K K -excitations are related  to  the  param eters of the 
RS model. The zeroth KK mode (G (0)) rem ains massless 
and couples to  the SM fields w ith grav itational strength, 
1/M pi, while the  excited modes couple w ith the streng th  
of 1 /A n . The excited modes can decay into fermion­
antiferm ion or diboson pairs, leading to  the characteris­
tic resonance structu re  in their invariant m ass spectrum . 
In this L etter we repo rt on a search for the  first excited 
mode of the KK graviton, G (1), in the dielectron, dimuon, 
and diphoton final states. Since the graviton has spin 2, 
its decay products are either found in the  s-wave (dipho­
tons) or p-wave (dileptons). This leads to  the branching 
fraction of the  graviton decay in a single dilepton channel 
(11) to  be half th a t of diphotons.
Phenomenologically, it is convenient to  express the two 
RS param eters k and R  in term s of two direct observ­
ables: the  mass of the first excited m ode of the  graviton, 
M 1, and the dimensionless coupling to  the SM fields, 
k / M pi, which governs bo th  graviton production cross 
section (~  ( k / M pi)2) and the w idth of the graviton res­
onance. The theoretically  preferred range for M 1 is be­
tween a few hundred GeV and a few TeV, while k / M  pi 
is expected to  be between 0.01 and 0.1. Larger values of 
the  coupling would render the  theory  non-perturbative, 
while smaller would require an undesirably large am ount 
of fine-tuning. Indirect lim its on RS model param eters 
come from precision electroweak d a ta  (dom inated by the
S  param eter) [2]. There have been no dedicated searches 
for RS gravitons to  date.
We used the  D 0  detector operating a t the  Ferm ilab 
Tevatron pp  Collider a t a/s =  1.96 TeV w ith approxi­
m ately 246 p b -1  of d a ta  accum ulated w ith dim uon trig ­
gers and 275 p b -1  of d a ta  collected w ith single or di- 
electrom agnetic (EM) triggers for this search. To m ax­
imize the reconstruction efficiency for dielectrons and 
diphotons, we did not use tracking confirm ation and com­
bined these two channels in a single, calorim eter-based, 
“diEM ” channel. The detector, d a ta  acquisition system, 
and triggering are detailed elsewhere [3].
Offline, we required EM  objects to  have transverse en­
ergy E t  > 25 GeV, be isolated in the calorim eter and 
tracker, have significant fraction of their energy deposited 
in the EM  calorim eter, and have their EM  shower shape 
consistent w ith th a t expected for an electron. We ac­
cepted EM  objects in the central (|nd| <  1.1) [4] and 
forward (1.5 <  |nd | <  2.4) regions of the calorim eter, bu t 
required a t least one of them  to  be central.
The overall efficiency per electron was determ ined us­
ing Z  ^  ee events, and is (91 ±  2)% in the central and 
(82±2)%  in the forward regions. The efficiency is uniform  
in E t  and  nd, w ith the exception of the  region close to  
the boundaries between the central and forward calorime­
ters, 1.0 <  |nd| < 1.1, where it drops by a factor of two. 
M onte Carlo (MC) sim ulations show th a t the efficiency 
per photon is 5% lower th an  th a t per electron. An addi­
tional inefficiency of 7% per event arises from the trigger, 
EM  objects lost in azim uthal cracks between the central 
calorim eter modules or overlaps w ith je ts  in the events.
Muons were identified in the  m uon spectrom eter (cov­
ering |nd| <  2.0) and were required to  have a m atching 
track  in the  central tracking detector, transverse m om en­
tu m  p T >  15 GeV, be isolated, and pass additional hit 
and track  quality  requirem ents. Since the m uon m om en­
tu m  resolution degrades rapidly  a t high p T , high-mass 
dim uon events sometimes have the m om entum  of one of 
the m uons m isreconstructed. To rem edy th is and  reduce 
non-G aussian tails in the invariant m ass resolution, we 
assigned bo th  m uons the same value of transverse mo­
m entum , based on the weighted average (in 1 /p T) of their 
individual p T ’s. This results in «  30% decrease in the 
RMS of the  invariant m ass d istribu tion  a t the cost of a 
m odest («  1%) decrease in the invariant m ass resolution. 
To reduce cosmic ray  background, m uon arrival tim es in 
the m uon detector were required to  be consistent w ith 
th a t for particles originating from beam  collisions. The 
two m uons in the event were not required to  have oppo­
site signs, as the sign determ ination efficiency degrades 
fast a t high p T . The overall selection efficiency per m uon 
is (80 ±  4)%, as determ ined using Z  ^  events.
The above requirem ents result in 22,786 (17,128) diEM  
(dimuon) events used in the  analysis. The m ain back­
ground to  the RS graviton signal is Drell-Yan (DY) pro­
duction in the dielectron and dim uon decay channels 
and direct diphoton production in the  diphoton channel. 
These backgrounds were estim ated using the leading or­
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FIG. 1: Invariant mass spectrum in the a) diEM and b) dimuon channels. The points with error bars are data and the solid 
line is the overall background (dark shading in a) represents instrumental background). Also shown with an open histogram is 
the signal from an RS graviton with mass Mi  = 300 GeV and coupling k / Mpi  = 0.05.
der (LO) MC generator of Ref. [5], augm ented w ith a 
param etric  sim ulation of the D 0  detector [6]. The sim­
ulation  accounts for the calorim eter and tracker resolu­
tions, p rim ary  vertex position, detector acceptance, and 
p T of the 11 or 7 7  system . The CTEQ 5L [7] set of parton  
d istribu tion  functions (PD F) was used in the  sim ulations.
In the diEM  channel, an additional instrum ental back­
ground arises from QCD m ultijet and direct photon 
events, w ith one or more je ts  reconstructed  as EM ob­
jects. This background was estim ated from the data , 
by inverting the shower shape quality  requirem ent, w ith 
the absolute norm alization obtained in the Z -boson mass 
peak. The only o ther background is due to  tt  production 
w ith t ’s decaying via the  electron or m uon channel and 
is negligible a t invariant masses above the Z -peak where 
the search is perform ed. Figure 1 shows the invariant 
m ass spectrum  in the diEM  and dim uon channels and 
dem ostrates good agreem ent between the d a ta  and ex­
pected background.
The RS graviton signal was sim ulated w ith the 
PY THIA [8 ] MC event generator w ith the CTEQ 5L PD F, 
followed by the param etric  sim ulation of the D 0  detec­
tor. The LO PYTHIA cross section was scaled by a con­
s tan t K -factor of 1.34 to  account for next-to-LO  (NLO) 
effects, recently calculated [9] for graviton exchange and 
shown to  be sim ilar to  those for SM DY production. We 
set lim its on the ra tio  of the  graviton production  cross 
section and the next-to-N LO  (NNLO) pp ^  Z  ^  ee 
cross section of 254 ±  10 pb [10]. Since the Z -peak is 
found in the candidate sample, this approach allows for 
in situ  calibration  and reduces the overall system atic un­
certainty. We quote the lim its on production of gravitons 
in term s of the  absolute cross section, which is obtained 
by m ultiplying the lim its on the ra tio  by 254 pb.
A sim ulated signal is shown in Fig. 1 for M i =  300
GeV and  k / M pi =  0.05. Since the m uon m om entum  was 
m easured in the tracker, while the EM  energy was deter­
mined from the calorim eter, the difference in resolutions 
for the  two detectors explains th a t the m ass resolution 
in these two channels is so different. We used a conser­
vative estim ate of the  m uon m om entum  and  EM energy 
sm earing param eters in the  detector response sim ulation 
by a ttrib u tin g  the m easured w idth of the Z  boson to  
the constan t resolution term , which dom inates a t high 
masses. This choice leads to  a som ew hat broader th an  
expected reconstructed  signal and  to  conservative limits 
on signal cross section.
To set lim its on graviton production, we perform ed 
analyses in a series of overlapping windows correspond­
ing to  different graviton masses. The w idth and position 
of the windows were optim ized to  give the highest sig­
nal sensitivity via a modified m ethod of Ref. [11], which 
takes into account G aussian fluctuations of an exponen­
tia lly  falling background. For the diEM  channel a t high 
masses (>  300 GeV), the background is small so a sym­
m etric window w ith the w idth set to  six tim es the de­
tecto r resolution was used to  maximize the sensitivity. 
Since the m uon m om entum  resolution effects on the  in­
variant mass are very asym m etric and result in a long 
high-m ass ta il (see Fig. 1), only the lower mass bound is 
used in the dim uon channel windows. Since the internal 
graviton w idth is negligible com pared to  the instrum en­
ta l resolution in the range of M i and  k / M piwe studied, 
the window size did not depend on k / M  pi. The overall 
geom etrical acceptance for the  signal in the  diEM  chan­
nel varies between 45% and 62%, depending on the mass 
point. In the dim uon channel, the corresponding varia­
tion  is between 55% and 67%.
The results of the counting experim ents are listed in 
Table I. As the  num ber of events in each window is con­
sistent w ith the expected background (the significance 
of an upw ard fluctuation in the diEM  channel a t 400 
GeV is <  2 s tan d ard  deviations), we set lim its on the 
graviton production cross section. The lim its were set
6TABLE I: Counting experiments and 95% C.L. upper limits (in fb) on a(jpp —— G(1) ——11). All masses are expressed in GeV.
Graviton DiEM Channel Dimuon Channel Combined
Mass Window Background Data Limit Sensitivity Window Background Data Limit Sensitivity Limit
200 190- 210 51.5 ± 5.2 53 70.2 68.2 > 160 90.1 ± 11.7 96 437 388 70.8
220 210- 230 30.7 ± 3.2 31 51.6 52.7
240 230- 250 17.8 ± 1.9 16 34.8 41.8
250 240- 260 14.1 ± 1.5 16 43.3 38.1 > 200 42.1 ± 5.5 46 256 224 43.9
270 250- 290 20.7 ± 2.2 25 46.7 36.2
300 280- 320 11.1 ± 1.1 12 28.9 27.4 > 230 26.2 ± 3.4 28 178 165 29.0
320 300- 340 8.27 ± 0.89 7 20.6 24.9
350 330- 370 5.80 ± 0.73 2 12.3 22.0 > 250 19.4 ± 2.5 24 186 141 13.0
370 350- 390 4.06 ± 0.51 2 13.1 19.3
400 380- 420 2.40 ± 0.33 6 30.5 16.7 > 270 14.7 ± 1.9 17 144 124 30.7
450 420- 480 1.92 ± 0.30 2 14.5 14.6 > 280 13.1 ± 1.7 17 152 113 15.4
500 450- 550 2.02 ± 0.31 1 10.8 14.2 > 290 11.8 ± 1.5 13 113 105 11.0
550 500- 600 1.20 ± 0.27 0 8.4 12.4 > 300 10.2 ± 1.3 13 123 96.9 8.9
600 540- 660 0.67 ± 0.26 0 8.3 10.8 > 300 10.2 ± 1.3 13 123 96.6 8.8
650 590- 710 0.38 ± 0.25 0 8.3 9.8 > 300 10.2 ± 1.3 13 117 92.4 8.8
700 620- 780 0.30 ± 0.25 0 8.2 9.5 > 300 10.2 ± 1.3 13 117 91.8 8.7
750 660- 840 0.20 + 0.250.20 0 8.1 8.9 > 300 10.2 ± 1.3 13 113 89.0 8.5
800 700- 900 0.13 + 0.250.13 0 8.1 8.7 > 300 10.2 ± 1.3 13 115 90.3 8.6
independently  in the two channels using a Bayesian tech­
nique [12] w ith a flat prior for the signal and system atic 
uncertainties on signal and background taken  into ac­
count. In the diEM  channel, the signal uncerta in ty  is 
9%, dom inated  by the m ass-dependence of the EM  effi­
ciency (5%), acceptance calculation (5%), and difference 
between the photon  and electron efficiencies (5%). In 
the dim uon channel, the signal uncerta in ty  is 8%, dom ­
inated  by the acceptance uncertain ty  (7%). The com­
mon source of system atics for bo th  channels is the  4% 
Z  boson NNLO cross section uncertainty. The SM back­
ground uncerta in ty  is 9-12%  and dom inated by the K - 
factor mass dependence (5%), efficiency determ ination 
(7% in the diEM  and 5% in the dim uon channels), m od­
eling of the m om entum  sm earing (6%, dim uon channel), 
and the PD F dependence (5%). The uncertain ty  on the 
instrum ental background in the diEM  channel is domi­
n ated  by the low sta tistics of the background sample at 
high masses.
The 95% C.L. upper lim its on a(pp  ^  G (1) ^  11) 
are listed in Table I and shown in Fig. 2. Also shown 
is the  expected sensitivity  of the search in each channel, 
defined as an average lim it expected given the Poisson 
d istribu tion  of the background around its mean. We fur­
th er combined the diEM  and dim uon lim its after taking 
into account common system atic uncertainties. The com­
bined lim its are very close to  the diEM  lim its (and in fact 
are slightly less restrictive due to  the overall small excess 
of observed events in the  dim uon channel). We transla te  
the  lim its on the cross section tim es branching fraction 
into lim its on the RS model param eters M i and  k / M p \ ,  
as shown in Fig. 3 . We did not include an uncerta in ty  on 
the signal cross section related  to  the  P D F  and higher­
order QCD effects. Assuming th a t it is sim ilar to  th a t 
for DY production  («  10%) increases the cross section
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FIG. 2: The 95% C.L. upper limits on a(pp ^  G(1) ^  11), 
as a function of the graviton mass. The upper (lower) solid 
line with points corresponds to the dimuon (diEM) channel. 
The dashed lines with points represent the expected limits. 
Also shown with a series of smooth lines the production cross 
sections for various values of k / Mp\  between 0.01 and 0.1.
lim its by 2.5%. This transla tes into a negligible ( «  1%) 
fractional change in our lim its on k / M pi for any graviton 
mass.
To conclude, we have perform ed the first dedicated 
search for R andall-Sundrum  gravitons in the dielectron, 
dimuon, and diphoton channels using 246-275 pb -1  of 
d a ta  collected by the D 0  experim ent in the Run II of 
the Ferm ilab Tevatron Collider. We see no evidence for 
resonant production  of the first Kaluza-K lein mode of 
the graviton and set the m ost restrictive lim its on the 
RS model param eters to  date. G raviton masses up  to  
785 (250) GeV are excluded for k / M p \  of 0.1 (0.01).
We th an k  the staffs a t Ferm ilab and collaborating in-
7FIG. 3: 95% C.L. exclusion limits on the RS model parame­
ters Mi  and k/Mp\ .  The light-shaded area has been excluded 
in the dimuon channel; the medium-shaded area shows the ex­
tension of the limits obtained in the diEM channel; the dotted 
line corresponds to the combination of the two channels. The 
area below the dashed-dotted line is excluded from the pre­
cision electroweak data (see Ref. [2]). The dark shaded area 
in the lower right-hand corner corresponds to An > 10 TeV, 
which requires a significant amount of fine-tuning.
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